We experimentally investigated the third-order nonlinear optical response of absolute ethanol around 1550 nm. The real and imaginary parts of third-order susceptibilities are distinguished by Z-scan method, which demonstrated that absolute ethanol exhibited saturable absorption and self-defocusing behaviors with nonlinear refractive index n 2 ∼−10 −14 m 2 /W. In addition, the experimental results via self-phase modulation method also verified the comparable nonlinear optical response of absolute ethanol. This work is expected to provide insights for the nonlinearities of organic solvents, and may broaden the potential of cost-effective nonlinear optoelectronic devices.
Introduction
Nonlinear optical effects are playing an increasingly important role in optical communication devices and systems around 1550 nm, corresponding to the low-loss window of silica-based optical fibers [1] . Usually, the nonlinear phenomena of a material can be observed by the presence of high intensity light. As for the optical fibers, the lowest-order nonlinear effects originate from the third-order susceptibility, which can result in the intensity-dependent refractive index variation and various nonlinear optical effects, such as self-phase modulation (SPM), cross-phase modulation (XPM), four-wave mixing (FWM), etc [2] . The intensity-dependent refractive index plays a key role for the all-optical switching, optical modulator, and soliton generation [2] . However, the nonlinear optical effects will degrade quality of the signal along the transmission line in the optical communication system. Inspired by the requirements to maintain the signal quality, different methods have been proposed to alleviate the adverse effects of nonlinearity, such as dispersion management and usage of large-mode-area optical fibers, etc [1] . Alternatively, nonlinear optical materials with self-defocusing behavior can balance the positive third-order nonlinear optical effects along the propagation of laser signal, which can provide another solution for the nonlinear management.
With the emerging materials and evolving technologies, different optical materials have exhibited excellent nonlinear performance for signal processing in the optical communication band [3] - [6] . Besides traditional optical materials, low-dimensional materials have shown unique nonlinear optical performance [3] - [6] . Moreover, gases or liquids, as well as dispersions with different solvents can also be utilized as optical nonlinear media [7] - [9] . Different solvents have been investigated to exhibit negligible or small nonlinear optical response within the concerned visible or near-infrared wavelength regime [10] . As a well-known solvent, ethanol has many advantages, such as low-cost, easy preparation, non-toxic and non-pollution, etc. The nonlinear optical properties of ethanol have been investigated from the visible to the near-infrared region [10] - [15] . Kedenburg et al. reported the refractive index of ethanol to be 1.36 [11] . Ho et al. measured the nonlinear refractive index of ethanol (∼2.5×10 −13 esu) by optical Kerr gate method at 532 nm wavelength [10] . Beyond that, ethanol was used as a nonlinear optical absorber for mode-locking [12] or Q-switching [13] - [15] in both optical communication band and mid-infrared band. However, the third-order nonlinear susceptibility of ethanol has not been fully characterized in the optical communication band.
Here, we have experimentally investigated the third-order nonlinear optical behavior of absolute ethanol in optical communication band via Z-scan technique, spatial self-phase modulation (SSPM) and spectral broadening methods. This is, to the best of our knowledge, the first example of ethanol with self-defocusing around 1550 nm. Our experimental results provide evidence that absolute ethanol is a potential nonlinear medium can be useful in nonlinear optical devices and ultrafast photonics.
Z-Scan Experiment
Single-beam Z-scan technique was employed to investigate the nonlinear optical properties of absolute ethanol [16] . In our experiment, absolute ethanol (Tianjin Zhiyuan Chemical Reagent Co., Ltd., Tianjin, China) with a concentration of ethanol (≥99.7%), methanol (≤0.05%), and isopropanol (≤0.01%) was used. We firstly measured the absorption spectrum of absolute ethanol in the nearinfrared region, as shown in Fig. 1 . The spectrum is dominated by vibrational overtones from the CH 2 , CH 3 and CH 2 OH groups [11] . The inset is the molecular structure of ethanol which contains carbon-hydrogen bonds (C-H), oxygen-hydrogen bond (O-H) and carbon-oxygen bond (C-O).
The third-order nonlinear optical response of the absolute ethanol has been characterized via the Z-scan technique, as shown in Fig. 2 . The absolute ethanol (contained in a 1 mm cuvette) was placed on a motorized translating stage, and scanned by ultrashort pulses from a mode-locked fiber laser operating at 1560 nm, with pulse duration of 1.5 ps and repetition rate of 20.1 MHz. The transmitted power was collected by sensitive detectors. Open-aperture (OA) and closed-aperture (CA) Z-scan measurements are employed to explore the nonlinear absorption and nonlinear refractive index, respectively. For OA measurement, the transmitted power through the absolute ethanol was measured by a power meter, while only a portion (∼15%) of the on-axis beam was collected for CA measurement. From the narrow and up-pointing peak present at the focus in 
where q 0 = βI 0 L eff , β is the nonlinear absorption coefficient, I 0 is the peak-on-axis optical intensity. L ef f = [1 − e −αL ]/α is the effective length of the sample, L is the sample length and α is the linear absorption coefficient. By fitting the OA Z-scan trace, we obtained a nonlinear absorption coefficient of −7.8 × 10 −9 m/W when the laser average power is 2.5 mW, corresponding to an optical intensity of 1.3 MW/cm 2 . In the OA experiment, the saturable absorption properties can be observed only when the incident optical intensity greater than 1 MW/cm 2 . Typical CA measurement is shown in Fig. 2(c) , which manifests the nonlinear refractive characteristics of absolute ethanol. The pre-focal peak followed by post-focal valley indicates a negative sign of n 2 , which clearly highlights the self-defocusing property of ethanol at optical communication wavelength. The CA Z-scan data was analyzed using the formula [17] :
.
In the Eq. (2), x = z/z 0 , z 0 = πω 0 2 /λ is the Rayleigh length, ω 0 is the waist radius, = kn 2 I 0 L eff means the focal phase shift, k = 2π /λ. A focal phase shift of −2.4 rad was obtained by fitting CA trace, and the nonlinear refractive index was calculated to be n 2 = −6.3 × 10 −14 m 2 /W . In the Z-scan measurements, a possible experimental error of ∼25% is mainly due to the error in the laser intensity measurement [16] . The n 2 of quartz is about 2 × 10 −20 m 2 /W at 1550 nm [18], which is much lower compared to n 2 = −6.3 × 10 −14 m 2 /W, as such the observed selfdefocusing phenomena at 1560 nm is primarily due to the absolute ethanol. As we know, the signal transmission at the optical communication band can be affected by the self-focusing of the silica fiber. In this regard, ethanol exhibits a self-defocusing property which can provide a potential use in improving the signal quality by offsetting the effect of self-focusing.
SSPM Experiment
SSPM is a coherent third-order nonlinear optical effect which was initially investigated in the nematic liquid crystal in 1981 [19] . In recent years, SSPM methods have been developed to a typical method to investigate the nonlinear refractive index of liquid samples [20] - [24] . Here, the nonlinear optical response of absolute ethanol was also investigated by SSPM method at 1560 nm, as shown in Fig. 3 . The ultrafast femtosecond laser with central wavelength of 1560 nm (repetition rate 84.2 MHz, and pulse duration 95 fs) was focused by an N-BK7 lens (focal length: 150 mm) to illuminate the sample. The absolute ethanol was contained in a 5 mm quartz cuvette and placed 20 mm in front of the focal point. A CCD camera was placed 110 mm behind the quartz cuvette to collect the laser beam.
When the laser passed through the absolute ethanol, an initially Gaussian beam profile was observed with the CCD camera. Next, the Gaussian beam spot evolved into diffraction rings, and ultimately attained a maximum radius and number of rings within 0.2 s. Due to the Gaussian profile of the laser beam, the different phase shift generated at the different transverse position ρ when the beam passing through the ethanol. Since d dρ = k ⊥ , along the radial direction, there always exist two transverse positions ρ 1 and ρ 2 , the radiation field around ρ 1 and ρ 2 have the same wave vector and can interfere [19] . Consequently, we can observe the diffraction rings when the difference of phase shift (ρ 1 ) − (ρ 2 ) = 2mπ , m being an even or odd integer. Figure 4 (a) shows a diffraction ring pattern with a maximum radius when the incident laser power was 145 mW, while Fig. 4(c) shows the time evolution of the diffraction ring pattern. After attaining the maximum radius, the upper half portion of the diffraction ring pattern began to collapse and subsequently evolved into a stable conical diffraction ring pattern after about 0.56 s, which is shown in Fig. 4(b) . The origin of the diffraction ring pattern is attributed to the phase shift induced by the change in refractive index. The distortion in the diffraction pattern is due to the asymmetric thermal convection near the focal point, which disappears when the laser beam is incident vertically [25] , [26] .
The effective nonlinear refractive index can be written as n e = n 0 + n 2 I, where n 0 is the linear refractive index and n 2 is the nonlinear refractive index. When the laser beam illuminates the absolute ethanol, the phase shift induced by the change of refractive index can be written as [19] : where λ is the wavelength, I(r, z) is the incident intensity distribution of the laser beam, and r is the radial position. L is the total propagation length contributing to the SSPM. The number of diffraction ring N is determined by [19] :
A linear relationship between N and I at 1560 nm is evident in Fig. 4(d) , which leads to the determination of n 2 using Eq. (5):
Using L = 5 mm and n 0 = 1.36, we obtained n 2 of absolute ethanol to be 1.16 × 10 −14 m 2 /W, which is slightly lower than the value measured in our Z-scan study. This difference is mainly attributed to the response of the bound electrons to the incident laser beam of different pulse duration. We also noted that the SSPM occurred when the light intensity was greater than 4 MW/cm 2 in the Z-scan study; consequently, we kept the light intensity lower than 4 MW/cm 2 to keep an intact Gaussian profile of transmitted beam during the Z-scan measurement.
The occurrence of self-phase modulation in a nonlinear medium will lead to the spectral broadening of the chirped laser pulse [27] . To further investigate the nonlinear optical effect in ethanol, we monitored the optical spectra before and after the occurrence of SSPM with an average power of 80 mW, as shown in Fig. 5 . We can clearly observe the multi-peak structure and broadening in the optical spectrum after the occurrence of SSPM. The multi-peak structure of optical spectrum has been widely observed in SPM effect, which results from the interference between two light waves whose frequency is same but phase is different [28] . Here, the nonlinear phase shift induced by the ethanol was estimated by: φ NL ≈ (M − 1/2)π , where M is the number of peaks in the stretched optical spectrum. And the relationship between n 2 and nonlinear phase shift can be expressed as: φ NL = 2π n 2 I 0 L ef f /λ [29] . After calculation, the n 2 of the ethanol was obtained to be ∼10 −13 m 2 /W, which is close to the value calculated by the Z-scan and SSPM methods, highlighting the potential of ethanol as a nonlinear optical medium.
To gain insight of thermally induced nonlinearity of absolute ethanol, we also investigated its SSPM with a CW laser excitation at 1570 nm. When the incident average power is 120 mW, a similar diffractive phenomenon was observed, as shown in Fig. 6(a) . Figure 6(b) shows the dependence of the number of rings on the incident intensity. With the formula mentioned in Eq. (5), a thermally induced nonlinear refractive index of ∼5.0 × 10 −10 m 2 /W was obtained, which has been enhanced by four orders of magnitudes compared to that obtained using the pulsed laser. Thus, we conclude that the thermally induced nonlinearity contributed small influences on the extracted nonlinear parameters of the absolute ethanol with the ultrashort pulses here.
Discussion
With CW laser excitation, the incident energy is absorbed by ethanol and then transformed to heat, leading to an increase of the local temperature in ethanol [30] . When ethanol is heated along the beam path, the periodic temperature and density fluctuations will result in a change of refractive index [30] - [32] . The upward natural convection of ethanol reduces the refractive index gradient in the upper half part, resulting in distorted upper beam pattern [30] .
With the ultrafast laser excitation, the similar magnitude n 2 was obtained via the Z-scan, SSPM and spectral broadening methods. The spectral broadening can result from the emerging frequency spectrum induced by the phase shift of pulse in nonlinear optical medium. With regarding to the nonlinear optical response, the bound electron and nuclear contributions in the nonlinear regime are closely related to the pulse width of the laser excitation. The response time of bound electrons is typically limited to less than 1 fs by the time-energy uncertainty relation, which is related to the transition dipole coupling between discrete electronic states of the molecule [33] . The response time of nuclear contribution to the index change is approximately hundreds of fs, owing to the large mass of the nuclei. Therefore, in the limit of a short pulse, only the bound-electrons contributes. With increasing pulse width and repetition rate of the incident laser, the non-instantaneous contributions from nuclei and heat will enlarge n 2 [33] . Here, we obtained a large negative nonlinear refractive index of absolute ethanol of about -10 −14 m 2 /W, which revealed the self-defocusing behavior at the optical communication wavelength. In addition, the light along the optical communication transmission line usually has the high repetition rate, i.e., the high information capacity, and thus the nonlinear optical parameters extracted from the interaction between ethanol and high repetition rate mode-locked fiber laser can provide useful information for the nonlinearity management.
Conclusions
In summary, the nonlinear optical response of absolute ethanol was investigated experimentally around 1550 nm under both ultrashort pulse and CW laser excitations. The Z-scan study showed that the absolute ethanol exhibits saturable absorption and self-defocusing properties, leading to a large negative value of n 2 of -10 −14 m 2 /W. Furthermore, the large value of n 2 was confirmed by SSPM and spectral broadening methods. The experimental results can lead to a better understanding of nonlinear properties of organic solvents, and may enable cost-effective nonlinear optoelectronic devices in optical communication.
